Most glucose biosensors have been developed by coupling glucose oxidase (GOD) and electrochemical devices. [1] [2] [3] Two approaches are commonly employed: (1) monitoring of the hydrogen peroxide; 4, 5 (2) measuring the consumption of oxygen using a Clark-type oxygen electrode. [6] [7] [8] The tranditional immobilization of GOD often requires the use of two gas permeable membranes, which are coated on the electrode surface. As the enzymatic membrane layers become thicker and more complex, the response and recovery times of the sensor increase, resulting in a need forfrequent calibration. Also, such non-conducting membranes sometimes have made it difficult to observe the current response which results from the biocatalytic reaction.
In order to reduce these effects, recent research efforts have focused on the development of modified electrodes and their applications as the supporting matrix of biosensors. Various electrochemical glucose sensors based on an electrode modified with immobilized glucose oxidase have been reported. [9] [10] [11] The wide applications of carbon paste as the matrix of enzyme electrode are attributed to the simple preparation procedures required, the low residual current and noise they exhibit, their ability for electrode surface regeneration, and the lower cost. To retain the advantages of carbon paste and increase the stability of the electrode, chemically modified carbon paste electrodes have been studied, including Nafion and clays. A novel oxygen electrode and an amperometric biosensor based on chemically modified carbon paste have been developed by us 12, 13 , and the responses of these sensors show considerable improvement.
In this study, we report the development of a modification method of carbon paste electrode (CPE) and the construction of a new type of glucose sensor. A glucose oxidase entrapped polyaniline film is deposited on the surface of a Nafion-methyl viologen (MV, N,N′-dimethyl-4,4′-bipyridinium) modified CPE. This direct immobilization of glucose oxidase into the film as a sensing system provides a more simplified strategy without using chemical coupling agents, thus avoiding any unnecessary denaturation. Nafion-MV complexes in the matrix possess excellent catalytic activity for the electroreducting of oxygen, and have high permeability to oxygen, but limited permeability to interferents, such as uric acid, ascorbic acid and cystine. Therefore, the sensitivity and selectivity of this biosensor show considerable improvement over those reported. 8, 14 The lowest detection concentration of glucose is down to 9 µM. Also, glucose sensor exhibits an operational stability, and it could be reused for at least 250 times over a period of 5 weeks without appreciable deterioration. These properties of glucose sensor demonstrate its practical application for a simple, rapid and economical determination of blood glucose.
Experiments

Reagents
Glucose oxidase (GOD, β -D-glucose: oxygen 1-oxidoreductase, EC 1. 
Preparation of modified carbon paste electrode
The modified electrode was prepared by mixing 10 µl of 0.1% Nafion, 8 µl of 0.2 M MV and 18 mg of car-bon paste in a small mortar, and this mixture was then homogenized. After evaporating the solvent at room temperature (about 5 -10 min), the active carbon paste was pressed into the cavity of the electrode body. The electrode surface was manually smoothed on weighing paper and dried at room temperature for about 20 min, then rinsed with water to remove any excess amount of MV.
Preparation of enzyme electrode
Preparation of a polyaniline GOD electrode: Glucose oxidase was immobilized in the polyaniline film by electropolymerization in a HCl-NaH 2 PO 4 solution (pH 4.4) containing 0.1 M aniline and 2.5 mg/ml of glucose oxidase. The electropolymerization was carried out with a cyclic potential scan between +1.2 and -0.5 V. The polymerization time was about 40 min. The polyaniline glucose oxidase electrode obtained was rinsed carefully with a corresponding buffer. The enzyme electrode was stored at 5˚C in phosphate buffer (pH 5.6).
Determination of glucose
Electrochemical measurements were made with a Model 366 Bi-Potentiostat and a Pine Rde 3 potentiostat (Pine Instrument Company, Grove City, Pennsylvania), and the current output was recorded with a Model 3052 X-Y recorder (Yokogawa, Japan). A three-electrode system, including a working, a platinum wire counter and a saturated calomel reference electrode (SCE), was employed. The electrochemical cell (glass vial) was placed in a Plexiglass cylinder with a diameter of 6 cm and a height of 8 cm; the Plexiglass cylinder served as the support for the electrodes. The experiments were conducted at room temperature (24±1˚C) throughout. For calibration and characterization of glucose sensor, a 5.0 ml of pH 5.6 phosphate air-saturated buffer was placed in the electrochemical cell. After the background current output was stabilized (normally 60 s), 0.1 -0.5 ml of glucose solution was then added into the cell. The output current decreased within 60 -80 s, and a minimum current was obtained within 80 s. The decrease in current between the initial and the minimum currents was used to quantify the glucose concentration. The range of the potential scan was between +0.05 V and -0.8 V (vs. SCE); the peak current was measured at -0.72 V.
Results and Discussion
Characterization of modified carbon paste electrode Figure 1 shows the characteristics of unmodified and modified CPE in an air-saturated phosphate buffer solution at pH 5.6. Figure 1A shows the voltammogram of the unmodified electrode; no observable oxygen reduction is presented. Figure 1B shows the voltammograms of the modified electrode, and the reduction of oxygen is observed (curve 1). This reduction current decreases markedly in a deoxygenated buffer in which nitrogen gas is bubbled for 3 min (curve 2). The catalytic effect of the oxygen reduction by the Nafion-MV modified electrode is obvious, as shown in Figs. 1A and B.
The mechanism of the reduction of oxygen to hydrogen peroxide by a Nafion-MV modified CPE can be described as: 13 This Nafion-MV film is stable in aqueous solution and this modified CPE can be used as an oxygen sensor for amperomeric and voltammetric glucose sensing. The effects of the Nafion and MV in the modified layer were examined. Twelve modified electrodes containing different quantities of Nafion and MV (the quantity of one component was varied while the other was maintained constant) were prepared. The responses of these electrodes were compared; the results are presented in Fig. 2 . The reduction current of oxygen increased as the quantities of the Nafion and MV 586 ANALYTICAL SCIENCES JUNE 1999, VOL. 15 increased, and the maximum current was obtained at concentration of 10 µl of 0.1% Nafion and 8 µl of 0.2 M MV, respectively. At concentrations higher than 10 µl of Nafion and 8 µl of MV, the reduction current remained almost constant. However, at a higher MV level (more than 18 µl) the voltammogram became deformed. Thus, 10 µl of 0.1% Nafion and 8 µl of 0.2 M were used in this study.
MV
Polymerization of aniline and immobilization of glucose oxidase and their characterization
Studies of an enzyme-loaded polyaniline film for glucose sensing have been reported. 15, 16 The glucose sensor is affected by: (i) polyaniline conductivity, (ii) GOD activity in the polymeric film, and (iii) oxygen permeability through the polymeric film. These properties are influenced by many experimental factors, such as pH values of the polymerization solution, the measuring medium, enzyme loading and film thickness. Thus we needed to assess the conditions for polymerization and enzyme immobilization.
Film thickness of the polyaniline affected directly the quantity of the enzyme immobilized and the oxygen diffusion pathway. Optimal thickness of a polyaniline film is desirable. We found empirically, that the polyaniline film formed by electropolymerization in the experimental conditions described for about 40 min provided the best thickness of film for our studies.
The effect of glucose oxidase concentration on biosensor performance was examined. A maximum current change, ∆i, was obtained when 2.5 mg/ml GOD were used.
Responses to glucose and stability
The response time for the sensor to reach a steady state was examined. The addition of 1 mM glucose to an air-saturated buffer solution resulted a step change in response time of 60 -80 s. Stirring of the solution did not affect the response time of the sensor and output current, which confirms the absence of any outer diffusion layer and also confirms that reaction and diffusion are the rate limiting steps.
The sensor outputs were measured as a function of the glucose concentration. Figure 3 shows the calibration curves of the sensor. A good linear relationship with a correlation coefficient of 0.998 is obtained over the concentration range of 9 µM -1.8 mM glucose. A deviation of the linearity is observed at a high concentration of glucose due to the limited activity of GOD in the film. The minimum detectable concentration of glucose is estimated to be 9 µM.
The effect of pH value on the sensor is shown in Fig.  4 . A maximum response between pH 5 and 6 is observed. The best results, with respect to the enzyme activity and current enhancement, are obtained at pH 5.6 phosphate buffer. The reduction current remained constant even after 20 -30 min of scanning at this pH solution.
The long-term stability of this glucose sensor was evaluated by measuring the reduction current at a fixed glucose concentration of 1 mM over a period of 35 d. The sensor was used daily for a few hours and stored in a phosphate buffer over night at 5˚C. The current responses of glucose sensor (relative enzyme activity) remained the same within 10 d and showed a minute degradation after 22 d. The sensor response decreased to about 55% of the initial response after 35 d. The sensor could be reused for at least 250 times over a period of 5 weeks without appreciable deterioration. The results indicated relatively good long-term stability of the glucose sensor.
Interferences
Species in the biological samples can contribute to 587 ANALYTICAL SCIENCES JUNE 1999, VOL. 15 Fig. 2 Effect of the amount of Nafion and paraquat loaded in the carbon paste electrode on the current of oxygen reduction in an air-saturated phosphate buffer at pH 5.6. Nafion ( ); paraquat ( ). the interference of the glucose sensor. Interference species including L-ascorbic acid, uric acid, cystine and acetaminophen were used in this study. The results are summarized in Table 1 . No interference was observed in the presence of equal quantities of various substances and glucose concentrations. These substances do not interfere with the determination of glucose up to 2 -3-fold in excess with the exception for acetaminophen and cystine, which showed an interference of -0.8 --10%. The minimum interference by ascorbic acid and uric acid can be attributed to the electrochemical oxidation potential used in this study. Within this potential range, oxidation of these acids was insignificant.
Determination of glucose in blood plasma
This sensor had been applied to the determination of glucose in blood samples in a clinical laboratory. The results were compared with those given by the o-toluidine colorimetric method. The agreement was satisfactory, and the regression equation between the results achieved by the sensor (y) and those by the colorimetric method (x) was y=0.994x+5.883 and correlation coefficient was 0.982 (n=7), where y is the glucose concentration (mg/l). These results are evidence that the present sensor system is useful and provides a simple and rapid method for the determination of glucose in blood samples. 
